Introduction
Infectious bronchitis virus (IBV) is a highly infectious and contagious pathogen of chickens that replicates mainly in the respiratory tract but also in some epithelial cells of the gut, kidney and oviduct (Lambrechts et al., 1993 ; Cavanagh & Naqi, 1997) . IBV, an avian coronavirus (order Nidovirales, family Coronaviridae, genus Coronavirus), is an enveloped virus that replicates in the cell cytoplasm and contains an unsegmented, 5h-capped and 3h-polyadenylated single-stranded, positivesense RNA genome of 27 608 nt (Boursnell et al., 1987) . In addition to the genomic RNA, IBV produces five subgenomic mRNAs in IBV-infected cells, which possess a 64 nt leader TAS, CT(T\G)AACAA, is found 9-93 nt from the particular initiation codon of the 5h-most ORF for synthesis of the five IBV subgenomic mRNAs.
The availability of complete full-length cDNA copies of RNA virus genomes that can be used for the production of infectious RNA copies has proved a powerful tool for understanding the molecular biology of the viruses and for studying the role of individual genes in pathogenesis. To date, there is no complete coronavirus cDNA available for generation of an infectious RNA. Therefore, we have been developing an alternative strategy, utilizing an IBV defective RNA (D-RNA), , that functions like a minigenome as a potential RNA vector both as an expression vector and for targetted recombination. IBV D-RNA CD-61 (Pe! nzes et al., 1994 (Pe! nzes et al., , 1996 lacks internal parts of the genome but contains the sequences required for replication and for packaging into virus particles and can therefore be replicated and packaged (rescued) in a helper virus-dependent manner.
Methods
Virus and cells. IBV strains Beaudette, M41, H120 (Darbyshire et al., 1979) , D207 (Davelaar et al., 1984) and B1648 (Meulemans et al., 1987) were grown in 11-day-old embryonated domestic fowl eggs at 37 mC and harvested from allantoic fluid at 24 h p.i. Beaudette was used as helper virus for the rescue of IBV CD-61-based D-RNAs (Pe! nzes et al., 1996) . Virions from M41, H120, D207 and B1648 were used for preparation of genomic RNA. Beaudette, M41 and H120 belong to the same serotype, Massachusetts, according to either serology of the S protein (Darbyshire et al., 1979) or S gene sequence identity determined from Beaudette (Binns et al., 1985 ; Boursnell et al., 1987) , M41 (Binns et al., 1986 ; Niesters et al., 1986) and H120 (Kusters et al., 1989) . D207 is of a different antigenic serotype from the Massachusetts strains, according to serology of the S protein (Davelaar et al., 1984) and S gene sequence (Kusters et al., 1989) . B1648 is a nephropathogenic IBV strain that is of a different antigenic serotype from both the Massachusetts strains and D207-type viruses, according to serology of the S protein and S gene sequence (Shaw et al., 1996) . The passage and growth of IBV in chick kidney (CK) cells was done as described previously (Pe! nzes et al., 1994) .
Oligonucleotides. The oligonucleotides used in this study were obtained from MWG-Biotech or Pharmacia and are listed in Table 1 .
Recombinant DNA techniques. Standard procedures were used for recombinant DNA techniques (Ausubel et al., 1987 ; Sambrook et al., 1989) or according to the manufacturers' instructions.
Production of gene cassettes.
A unique PmaCI site within the IBV D-RNA CD-61 was initially chosen for insertion of genes. The PmaCI site is within domain III of CD-61 but not within the D-RNAspecific ORF (Pe! nzes et al., 1994 (Pe! nzes et al., , 1996 . However, the pZSL1190 sequence of pCD-61 (Pe! nzes et al., 1996) , into which the CD-61 cDNA was inserted, contained a PmaCI site within the multiple cloning site. A 72 nt PstI-SfiI fragment containing the PmaCI site was removed from pCD-61 and the two ends were converted to blunt ends and ligated together. A resultant plasmid, pCD-61-PmaCI, was sequenced and found to contain an 81 nt deletion and was subsequently used for the insertion of genes. A second unique site, SnaBI, which was contained in pCD-61-PmaCI but within domain II of CD-61 (Fig. 1 b) and which interrupts the D-RNA-specific ORF, was also used.
Luciferase (Luc) and chloramphenicol acetyltransferase (CAT) gene cassettes were produced by PCR mutagenesis for insertion into D-RNA CD-61 by using oligonucleotides T7IBV5LUCSTART or T7IBV5-CATSTART and SmaLUCEND or SmaCATEND at the 5h and 3h ends, respectively (Fig. 1 a) . The 5h oligonucleotides included a SmaI restriction endonuclease site, a T7 promoter sequence, a PmaCI restriction endonuclease site, the Beaudette-derived gene 5 TAS and the first 20 nt of the gene. The 3h oligonucleotides consisted of the last 23 nt of the gene, including a termination codon, followed by a SmaI restriction endonuclease site. The genes were amplified from plasmid pGEMCAT\ EMC\LUC (Pause et al., 1994 ) (a gift from G. Belsham, Institute for Animal Health, UK) by using Pfu DNA polymerase (Stratagene). The cassettes were digested with SmaI and ligated into EcoRV-digested pBluescript SK for assessment of gene expression by using in vitro T7-derived transcripts in the TNT\expression system (Promega). The TASgene regions were removed from the T7 promoter-containing cassettes by using PmaCI and SmaI and ligated into PmaCI-or SnaBI-digested pCD-61-PmaCI (Fig. 1 b, c) .
RNA electroporation of primary CK cells. T7-derived RNAs corresponding to the various D-RNAs were synthesized in vitro from 2 µg of the corresponding NotI-linearized D-RNA-containing plasmids (Pe! nzes et al., 1996) . CK cells (P ! ) were grown to 80-90 % confluence in 25 cm# tissue culture flasks (Falcon) and infected with 0n5 ml Beaudette helper virus (7i10( p.f.u.\ml) in allantoic fluid. At 8 h p.i., the cells were electroporated with the transcription reactions (Stirrups et al., 2000) . Following incubation of the electroporated cells for 16 h, virus (V " ) in 1 ml of the supernatants was used to infect CK cells (P "
) and, after 20-24 h p.i., virus (V # ) from the supernatants was passaged on CK cells (P # ) for up to P "# .
Analysis of IBV-derived RNAs.
Total cellular RNA was extracted from the Beaudette-infected CK cells (Pe! nzes et al., 1994) and electrophoresed in denaturing 1 % agarose-2n2 M formaldehyde gels (Sambrook et al., 1989) . The RNA was Northern blotted onto Hybond-C extra 0n45 µm nitrocellulose membranes (Amersham) and IBV-specific RNAs were detected by hybridization with $#P-labelled DNA. Several different probes were used : (i) a 590 bp IBV 3h probe, to detect all IBV-derived RNAs, corresponding to nt 27017-27607 at the 3h end of IBV genome, was generated by PCR with oligonucleotides N1145 and 93\100 ; (ii) an IBV 5h probe, minus the leader sequence, to detect IBV genomic RNA and D-RNAs consisted of a 1120 bp AgeI-SphI fragment (nt 338-1458) ; (iii) a 1664 bp Luc-specific probe, to detect D-RNAs containing the Luc gene, was produced by PCR with oligonucleotides corresponding to the 5h and 3h ends of the Luc gene ; and (iv) a CAT-specific probe, to detect D-RNAs containing the CAT gene, consisted of a 305 bp MroI-NcoI fragment derived from the CAT gene. All the probes were labelled with [$#P]dCTP by using the random oligonucleotide-primed synthesis method (Feinberg & Vogelstein, 1983) .
Analysis of reporter gene activities. CK cells (approximately 2i10') were disrupted in cell medium and centrifuged at 2500 r.p.m. The pelleted cells were resuspended in 1 ml PBSa (Stirrups et al., 2000) , of which 0n5 ml was used for reporter gene assay and 0n5 ml for RNA extraction. For the luciferase assay, the resuspended cells were centrifuged at 2500 r.p.m. and lysed with 0n5 ml lysis buffer (Promega). Fifty µl of the cell extract was added to 50 µl luciferase assay reagent (Promega) and analysed in a luminometer (Labtech, model Jade 1253). For the CAT assay, the resuspended cells were washed three times in PBSa, lysed in 1 ml lysis buffer (Boehringer Mannheim) and incubated at room temperature for 30 min. CAT protein was detected by ELISA (Boehringer Mannheim, product no. 1363727) . Serial dilutions of the cell extracts were made and the amount of CAT protein present in the cell (Boursnell et al., 1987) are given. , Not applicable.
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Sequence Position Polarity
* Oligonucleotides for generation of reporter gene cassettes had a SmaI site included at the 5h end for cloning purposes.
supernatants was determined by comparison with standard amounts of CAT protein.
Sequence analysis of D-RNA-derived mRNAs and IBV gene 5 TASs. Total cellular RNA was extracted from P ' CK cells infected with a CAT-containing D-RNA. RT-PCR was used to amplify the 5h ends of the CAT mRNAs by using oligonucleotides 43 and CATINTk and Pfu polymerase. RT-PCR products were sequenced directly or cloned into SmaI-digested pTarget (Promega), from which the D-RNA-derived cDNA was sequenced. D-RNA-derived cDNAs from the cloned PCR products were analysed by A-track sequencing. RT-PCR products amplified from virion RNA, derived from IBV strains H120, M41, B1648 and D207, were used to determine the genomic sequences corresponding to the gene 5 TAS region by using oligonucleotides MEND3j and NSTARTk.
Results

Insertion of genes into IBV D-RNA CD-61
The expression of coronavirus genes under the control of a coronavirus RNA-dependent RNA polymerase requires the synthesis of subgenomic mRNAs. Synthesis of coronavirus mRNAs is dependent on TASs found along the genomic RNA. also requires a TAS proximal to the gene for the synthesis of an mRNA from the D-RNA. The nucleotides adjacent to the TAS and the distance between the 3h end of the TAS and the AUG of the adjacent ORF have been suggested to play a role in the transcription of mRNAs. The IBV TASs, responsible for generation of the five Beaudette-derived mRNAs, were compared ( Table 2 ). The TAS responsible for the synthesis of mRNA 5 was chosen for the expression of heterologous genes from IBV D-RNA CD-61 because it had the shortest sequence between the 3h end of the TAS and the AUG of ORF 5a. IBV Beaudette mRNA 5 is one of the abundantly expressed mRNAs, indicating that the associated TAS is efficient for the synthesis of an mRNA. However, the Beaudette gene 5 TAS has two canonical consensus sequences, CTTAACAA, in a tandem repeat (CTTAACAAAAACTTAACAA), and it was not known whether one or other or both are utilized during transcription of mRNA 5. Therefore, for the expression of genes from CD-61, both canonical sequences were retained. The genomic sequence between the 3h end of the second canonical sequence (TAS-2), the gene and the 8 nt proximal to the first canonical sequence (TAS-1) were kept identical to those on the IBV Beaudette genome (Fig. 1 a) .
Initially the Luc gene and, subsequently, the CAT gene, under the control of the Beaudette-derived gene 5 TAS, were inserted into the D-RNA sequence in pCD-61-PmaCI either in the PmaCI site in domain III or the SnaBI site in domain II. The resulting constructs are outlined in Fig. 1 (c) . D-RNAs containing the CAT gene inserted into the PmaCI site of CD-61, either with the TASs scrambled or containing the gene 5 TAS but with the AUG initiation codon mutated to GGG, were generated by using oligonucleotides IBV5CATScrambled or T7IBV5CATSTARTGGG, respectively.
Expression of genes by helper virus-dependent rescue of IBV D-RNAs
In vitro T7-transcribed RNAs corresponding to D-RNAs in which the Luc gene had been inserted into either the PmaCI or SnaBI sites of CD-61 were electroporated into Beaudetteinfected CK cells. Luciferase activity was detected in cell lysates from the electroporated cells (P ! ) when compared with controls in which the Luc-containing D-RNAs were absent (Fig. 2) , indicating that the D-RNAs were replicated and that a Luc mRNA was transcribed from the D-RNAs. However, serial passage of the D-RNAs rescued by helper virus resulted in lower luciferase activities, which declined after P % (Fig. 2) . Northern blot analyses with IBV 5h and 3h probes were carried out on total RNA isolated from the P " -P ( cells. No RNA of 7n9 kb, corresponding to a CD-61-Luc D-RNA, was detected (data not shown). However, other RNAs of unknown origin, not detectable with the Luc-specific probe, were detected in addition to the IBV helper virus-derived RNAs. The amounts and sizes of the extraneous D-RNAs varied with different rescue experiments. Although luciferase activity was dependent on the presence of IBV helper virus and the spatial position of the Luc gene within the D-RNA did not affect expression, we concluded that the Luc-containing D-RNAs were inherently unstable. Whether the instability was due to the Luc gene sequence specifically, the presence of any heterologous sequence or expression of the luciferase protein was not known. In order to investigate further the potential for expressing heterologous genes from CD-61, we decided to use the CAT gene in place of the Luc gene. D-RNAs with the TAS-CAT sequence inserted in the anti-sense orientation, a scrambled gene 5 TAS sequence upstream of the CAT gene and a CAT gene in which the AUG was mutated to GGG were also used.
Expression of CAT protein, following rescue of D-RNAs with the CAT gene inserted in either the PmaCI or SnaBI sites of CD-61, was again dependent on the presence of IBV helper virus, a functional IBV TAS and a complete 3h UTR. Analysis of the amounts of CAT protein detected in cells following rescue of the D-RNAs in passages after P ! routinely showed a drop in the amount of CAT protein at P " , followed by a 6-fold increase in the amount of CAT protein detected at P & \P ' compared with that observed at P ! (Fig. 3 a) . However, the amount of CAT detected routinely decreased on further passage. Similar patterns of CAT expression were observed whether the CAT gene was inserted in the PmaCI site or the SnaBI site of CD-61 (Fig. 3 a) . The expression of CAT protein was routinely observed over a higher passage number, up to P "# in one experiment, compared with expression of luciferase activity and the amount of CAT protein produced was observed to be as high as 1n6 µg from 10' cells (Fig. 3 b) . It should be noted that the highest levels of CAT expression were observed following electroporation of the T7 D-RNA transcripts into Beaudette-infected Vero cells (P ! ) followed by serial passage of the D-RNAs in CK cells. No expression of CAT protein was observed from D-RNAs either with the TAS-CAT sequence inserted in the anti-sense orientation or under the control of a scrambled TAS. There was a minimal amount of CAT protein detected following rescue of the D-RNA containing the CAT gene with a mutated initiation codon, possibly resulting from detection of a truncated CAT protein expressed from a downstream in-frame AUG.
Northern blot analyses, with the IBV 3h or 5h probe or a CAT-specific probe, detected an RNA species of 6n9 kb, corresponding to the size of the in vitro T7-transcribed D-RNA transcripts (Fig. 3 c) . Detection of the 6n9 kb RNA by both IBV probes showed that the RNA was an IBV D-RNA and detection with the CAT-specific probe indicated that the D-RNA contained the CAT gene. The probes also detected the CAT-containing D-RNA with the TAS-CAT sequence in the anti-sense orientation (data not shown). At least one extra RNA, of unknown origin, was identified in addition to the 6n9 kb D-RNA (Fig. 3 c) , and was detected with the CAT probe (data not shown). These observations indicated that the smaller RNAs were D-RNAs generated after the loss of part of the CAT gene. The observation that the CAT-containing D-RNAs were detected whereas the Luc-containing D-RNAs were not detected and the increased expression of CAT upon serial passage compared with the amount of CAT produced at P ! indicated that the CAT-containing D-RNAs were more stable The IBV-derived RNAs were detected by using the IBV 3h probe, used to detect all IBV-derived RNAs. The positions of the IBV subgenomic mRNAs 2 (7n3 kb), 3 (3n9 kb), 4 (3n3 kb), 5 (2n5 kb) and 6 (2n1 kb), are indicated. The RNA corresponding to CD-61-CAT (6n9 kb) is also indicated. A smaller RNA (6n1 kb) of unknown origin was observed routinely from P 4 . No RNA of 1n9 kb, corresponding to the D-RNA-derived CAT mRNA, was detected. The RNAs detected between mRNAs 4 and 5 are observed routinely for all strains of IBV, as identified originally by Stern & Kennedy (1980) , and are of unknown origin.
than the Luc-containing D-RNAs. No RNAs, of 5n1 kb or 1n9 kb depending on the site of the CAT gene in CD-61 (Fig.  1 c) , corresponding to the potential mRNAs transcribed from the D-RNAs were detected by Northern blot analysis (Fig. 3 c) .
RT-PCR analysis of RNA extracted from P ' cells containing CD-61 with the CAT gene inserted into the PmaCI site, with oligonucleotides 93\136 and 93\106, resulted in a 910 bp product. This confirmed the presence of a D-RNA with the CD-61-specific domain I\II junction (Pe! nzes et al., 1996) . RT-PCR analysis of the P ' RNA extracts with a CAT-specific oligonucleotide, CATINTk, and an IBV leader-specific oligonucleotide, 94\155, generated a 353 bp product, indicative of a CAT-specific mRNA containing the IBV leader sequence. Detection of CAT-specific mRNAs was only successful from rescue experiments that yielded the highest levels of CAT protein, supporting the results of Northern blot analysis, which suggested that the amounts of the CAT-specific mRNAs were very low.
Analysis of CAT expression from D-RNAs containing modified TASs
Both of the canonical TASs within the Beaudette gene 5 TAS were retained for expression of genes from CD-61 because it was not known whether one or other or both sequences are utilized for mRNA synthesis. Therefore, a series of gene cassettes with the CAT gene under the control of one TAS with the other sequence scrambled was produced for insertion into CD-61 to determine whether one sequence was sufficient or used preferentially or whether both can be utilized. The D-RNAs were constructed as before except that oligonucleotides IBV5CAT-TAS-1-Scr, IBV5CAT-TAS-2-Scr and IBV5CATScrambled replaced oligonucleotide T7IBV5CAT-Start for generation of the gene cassettes. The resulting gene cassettes (Fig. 4 a) were initially cloned into pBluescript to assess expression of the CAT gene. The TAS-CAT cassettes containing the modified gene 5 TASs ST\T, T\ST and ST\ST, in which the first canonical consensus sequence (TAS-1), the second canonical sequence (TAS-2) or both sequences scrambled, respectively, were inserted into the PmaCI site in pCD-61-PmaCI. The TAS-CAT cassette containing both TASs was designated T\T. Sequence analysis confirmed that the sequences incorporated into the D-RNAs were as expected.
In vitro T7-transcribed D-RNAs containing the modified TASs were electroporated into Beaudette-infected CK cells and the D-RNAs were serially passaged. Total cellular RNA was isolated and cell supernatants were taken from P ! -P "! cells for RT-PCR analysis and CAT protein ELISA. The amounts of CAT protein detected in the cell supernatants are shown in Fig.  4(b) . Similar amounts of CAT protein were detected following rescue of D-RNAs with one TAS or both TASs (Fig. 4 b) . This indicated that both canonical sequences, TAS-1 and TAS-2, were utilized equally for mRNA synthesis in the absence of the other sequence and that there was no observable advantage of two canonical sequences.
In order to confirm that RNA isolated from the P $ -P ) cells contained D-RNAs, two separate RT-PCRs were carried out following rescue of D-RNAs CD-61-T\T-CAT, CD-61-ST\T-CAT, CD-61-T\ST-CAT and CD-61-ST\ST-CAT. The first RT-PCR used oligonucleotides 93\106 and 93\136, which produced a product of 910 bp, confirming the presence of an RNA containing the CD-61 domain I\II-specific junction. The second RT-PCR used oligonucleotides 41 and CATINTk. The former anneals proximal to the PmaCI site in CD-61 and the latter corresponds to a sequence within the CAT gene, to confirm the presence of a CAT-containing D-RNA. A product of 400 bp was produced, confirming the presence of an RNA containing the CAT gene within the PmaCI site of a CD-61-derived D-RNA.
Sequence analysis of mRNAs transcribed from CD-61-CAT D-RNAs
RT-PCR with oligonucleotides 43 and CATINTk was used to analyse the 5h ends of the CAT mRNAs transcribed from CD-61-ST\T-CAT, CD-61-T\ST-CAT and CD-61-T\T-CAT. Oligonucleotide 43 corresponded to the 5h end of the IBV leader sequence. The RT-PCRs were expected to generate either a 342 or 353 bp product, depending on the canonical TAS used for leader sequence acquisition. The RT-PCR products were sequenced directly and after cloning to determine whether there was heterogeneity in the use of the two TASs from CD-61-T\T-CAT. Sequence analysis of mRNAs transcribed from the D-RNAs showed that leader sequence acquisition occurred on the unmodified TASs in CD-61-ST\T-CAT and CD-61-T\ST-CAT (Fig. 5 a, b) . The sequence between the TAS and the CAT AUG from the mRNA transcribed from CD-61-T\ST-CAT was 11 nt, representing scrambled TAS-2, longer than the corresponding sequence on the mRNA transcribed from CD-61-ST\T-CAT (Fig. 5 a) . No nucleotide substitutions were found between the 11 nt sequence determined from the mRNA and the sequence present on the input D-RNA, indicating that the heterologous sequence did not appear to be detrimental to transcription of the CAT mRNA from CD-61-T\ST-CAT.
Leader acquisition by the mRNA transcribed from CD-61-T\T-CAT could potentially have occurred at either of the two TASs. Sequence analysis of the RT-PCR products derived from the mRNA transcribed from CD-61-T\T-CAT showed that the 342 bp RT-PCR product was generated preferentially (Fig. 5 a) , indicating that the mRNA was predominantly transcribed from the TAS-2 canonical sequence, the same TAS that was utilized for transcription of the mRNA from CD-61-ST\T-CAT. The RT-PCR products derived from the mRNA transcribed from CD-61-T\T-CAT were cloned and 49 resultant plasmids were analysed by A-track sequencing. None of the 49 cloned RT-PCR products contained the two TASs, indicating either that TAS-1 was not utilized or that the frequency of use of TAS-1 for leader acquisition was very low. Interestingly, a number of mutations were observed in the RT-PCR products, resulting in the addition of two extra adenosine nucleotides in the A-rich region at the 5h end of the CAT gene, interrupting the CAT ORF.
Sequence analysis of IBV gene 5 TASs
Expression of the CAT gene from IBV D-RNAs using the Beaudette gene 5 TAS or modified versions of the sequence showed that both canonical consensus sequences present in the Beaudette gene 5 TAS were functional. However, when both sequences were present, the 3h canonical sequence, TAS-2, was used for leader sequence acquisition. In addition to the Beaudette sequence, only two other IBV gene 5 sequences have been determined : CU-T2 (Jia & Naqi, 1997) and KB8523 (Sutou et al., 1988) . Comparison of the gene 5 sequences from these two strains with the Beaudette sequence showed that CU-T2 and KB8523 only had the canonical sequence equivalent to Beaudette TAS-2. The sequence equivalent to the Beaudette gene 5 TAS-1 site in CU-T2 and KB8523 contained two nucleotide substitutions.
In order to investigate whether other strains of IBV contained one or two canonical TASs for gene 5, we determined the gene 5 TASs from four other IBV strains, H120, M41, B1648 and D207. RT-PCRs were carried out on genomic RNA with oligonucleotides MEND3j and NSTARTk, which corresponded to sequences in the 3h end of the M gene and the 5h end of the N gene, respectively. RT-PCR products of the expected size, 755 bp, were obtained from the four genomic RNAs and sequenced directly by using oligonucleotides TAS5aj, TAS5ak, TAS5bj, TAS5cj and TAS5ck. Comparison of the gene 5 TASs determined from the seven IBV strains (Fig. 6) showed that all of the strains except Beaudette contained a single TAS, equivalent to Beaudette TAS-2. The region of the genomic RNAs corresponding to the Beaudette TAS-1 site contained two or three nucleotide substitutions.
The observation that TAS-2 of Beaudette gene 5 was used preferentially for mRNA transcription and that Beaudette is the only strain of IBV identified to date to have two TASs for gene 5 led us to investigate which sequence is utilized for transcription of Beaudette subgenomic mRNA 5. The 5h end of Beaudette mRNA 5 was amplified by RT-PCR from total cellular RNA isolated from Beaudette-infected CK cells by using oligonucleotides 43 and NSTART2. The potential products of the RT-PCRs were 374 or 363 bp, depending on whether leader acquisition occurred on TAS-1 or TAS-2. The RT-PCR products were sequenced directly and after cloning.
Sequence analysis of the RT-PCR products showed that the TAS-2 site was utilized for acquisition of leader sequence during transcription of mRNA 5. RT-PCR products from 22 clones were sequenced, 10 completely and 12 by A-track sequencing. Analysis of the sequences showed that 21 were derived from an mRNA 5 transcribed from TAS-2 and one from an mRNA 5 transcribed from TAS-1. Our results showed that the Beaudette gene 5 TAS-2 canonical sequence is used preferentially for leader sequence acquisition. However, the TAS-1 site can function as a leader sequence acquisition site in the absence of the TAS-2 site.
Discussion
This study reports for the first time expression of heterologous genes from an IBV D-RNA under the control of an IBV TAS. Expression of the heterologous genes was demonstrated to occur from two insertion sites within D-RNA CD-61. One site (SnaBI) was within domain II of CD-61 and interrupted the D-RNA-specific ORF. The second site (PmaCI) was within domain III of CD-61 and not within the D-RNAspecific ORF or within the 3h UTR (Fig. 1) . No observable differences were observed in expression of the two genes at either site, supporting our previous results that interruption of the IBV D-RNA-specific ORF does not affect replication (Pe! nzes et al., 1996) . The overall pattern of heterologous gene expression from the four IBV D-RNAs was the same in CK cells (Figs 2 and 3 a, b) . Expression of the CAT gene appeared to be more stable than that of the Luc gene.
Other coronavirus-derived D-RNAs have been used for the expression of heterologous genes. D-RNAs based on the D-RNA DIssE (Makino & Lai, 1989 ) from murine hepatitis virus (MHV) have been used to express CAT (Liao & Lai, 1994) , MHV haemagglutinin-esterase (Liao et al., 1995 ; Lai et al., 1997 ; Zhang et al., 1998) and murine IFN-γ (Lai et al., 1997 ; Zhang et al., 1997) . The D-RNA DI-C from the porcine coronavirus transmissible gastroenteritis virus (TGEV) has been used to express β-glucuronidase (GUS ; Izeta et al., 1999) . Expression of genes from MHV D-RNAs was not stable ; CAT activity was not observed beyond P # (Liao & Lai, 1994) , expression of MHV haemagglutinin-esterase beyond P $ (Liao et al., 1995) and expression of murine IFN-γ beyond P % (Zhang et al., 1997). Expression of GUS in the TGEV D-RNA system was also unstable, although expression of GUS was detected up to P "! in some cases. Expression of CAT appeared to be more stable than expression of Luc in the IBV system, but even expression of CAT decreased after P ' . The observation that coronavirus D-RNAs expressing heterologous genes are relatively unstable could result from several factors. The most likely explanation may be the presence of non-coronavirusderived sequences in the D-RNAs. This may have several effects, ranging from some fundamental interference on replication or packaging of the D-RNAs to the natural tendency of D-RNAs to evolve by removal of unnecessary sequences. An effect on packaging is harder to explain, as gene expression was observed after serial passage of the IBV and TGEV D-RNAs. The D-RNAs were sufficiently packaged during passages P " -P ' to infect cells on subsequent passage. The IBV system was demonstrated to be capable of producing CAT protein to levels greater than 1n6 µg per 10' cells and to be capable of producing CAT protein up to P "# . The TGEV D-RNA system produced GUS protein to about 1n0 µg per 10' cells. The authors reported that this could be increased 5-10-fold by using specific transcription regulatory sequences and that the system was capable of expressing GUS up to P "! (Izeta et al., 1999) . The TGEV D-RNA expression system used a two-step amplification system, in which the D-RNA was expressed initially in P ! cells by Pol II transcription of a transfected cDNA under the control of a cytomegalovirus promoter in the cell nucleus, followed by TGEV helperdependent replication of the D-RNA in the cytoplasm.
Studies to investigate coronavirus transcription have used either MHV (Makino et al., 1991 ; Joo & Makino, 1992 Makino & Joo, 1993 ; van der Most et al., 1994 ; van Marle et al., 1995) or bovine coronavirus (BCoV ; Krishnan et al., 1996) D-RNAs containing one or more TASs for the expression of mRNAs. Insertion of two TASs within an MHV D-RNA resulted in decreased transcription of the larger mRNA if the two TASs were 23 nt apart. The inhibition decreased as the distance between the two TASs was increased, resulting in equal amounts of the mRNAs if the TASs were separated by 124 nt (Joo & Makino, 1995) . The authors concluded that the TAS for the smaller mRNA had some inhibitory effect on the upstream TAS. Further studies on MHV D-RNAs containing combinations of up to three TASs separated by 361-761 nt showed that the position of the TASs affected the amounts of the mRNAs produced (van Marle et al., 1995) . The largest mRNA (the 5h-most TAS) was produced in the smallest amount whether it was the only TAS in the D-RNA or it was in combination with one or more TASs. The middle TAS [site B of van Marle et al. (1995) ] produced the largest amount of mRNA whether alone or in conjunction with one or more TASs. The observation that the downstream TASs attenuated upstream TASs but not vice versa led the authors to conclude that their results were consistent with the transcription model proposed by Sawicki & Sawicki (1990) . Studies on coronavirus transcription using a BCoV D-RNA showed that transcription occurred preferentially at the 3h-most TAS after insertion of either a duplicate or triplicate 27 nt tandem repeat sequence containing the BCoV canonical TAS within a D-RNA (Krishnan et al., 1996) . The BCoV heptameric canonical TASs, UCUAAAC, were separated by 20 nt in the tandem repeats.
The IBV TAS derived from gene 5 of the Beaudette strain of IBV, used in this study, naturally contains a tandem repeat of the octameric IBV canonical TAS, CUUAACAA, separated by 3 nt. We observed that both TASs were functional for the production of a translationally active mRNA in the absence of the other sequence. Analysis of the mRNA produced from a D-RNA containing the CAT gene under the control of the gene 5 TAS showed that the downstream or 3h-most TAS (TAS-2) was used preferentially for transcription of the CAT mRNA. Analysis of subgenomic mRNA 5 derived from gene 5 in Beaudette-infected cells confirmed that TAS-2 was the preferential site for mRNA 5 transcription. Analysis of the gene 5 sequences from other IBV strains showed that only one canonical TAS was present, corresponding to the Beaudette TAS-2.
Our results are consistent with the observation from both the MHV and BCoV experiments that, if two or more canonical TASs are present in close proximity, the 3h-most sequence is used preferentially. The observation that the TAS-2 site of Beaudette gene 5 is used preferentially is in agreement with the conclusions of van Marle et al. (1995) and consistent with the coronavirus transcription model of Sawicki & Sawicki (1990) . This can be explained if the polymerase terminates preferentially at TAS-2 for synthesis of mRNA 5 and if read-through for synthesis from TAS-1 is rare. Presumably, if both TASs acted as efficient terminators for mRNA 5 synthesis, this would have a detrimental effect on the synthesis of the longer mRNAs.
